Recent data from large-scale turbulent natural gas/air diffusion flames (135-210 MW) were used to evaluate analysis of flame structure and radiation properties. The conserved-scalar form~lisni, in.conjunction with the laminar flamelet concept, was used to estimate flame structure. The discrete-transfer .method, ii1 conjunction with a narrow-band radiation model, was used to predict radiative heat fluxes. The narrow-band model considered the nonluminous gas bands of water vapor, carbon dioxide, methane and carbon· monoxide in the 1000-6000 nm wavelength range. Structure predictions were encouraging, with discrepancies for mean temperatures (ca 200 K in the hottest portions of the flames) comparable to experimental uncertainties, due to thermocouple errors, flame disturbances from ambient winds and lifting and external expansion effects near the injector. Radiative heat flux predictions were also reasonably good, e.g. predictions based on mean scalar properties were generally 15% lower than the measurements. The findings also suggest that continuum radiation from soot is negligible for these flames.
INTRODUCTION
Radiation from turbulent diffusion flames dominates energy transport from unwanted fires, influencing their burning and growth rates. Flame radiation is also a serious hazard to personnel and equipment during fires resulting from blowout of oil and gas wells, even though these fires do not spread in the conventional sense. Furthermore, the design of industrial flares involves consideration of flame radiation properties for similar reasons. Motivated by these -problems, the present study considers the structure and radiation properties of large scale turbulent diffusion flames.
Several recent studies have considered the structure and radiation properties of laboratory-scale turbulent diffusion flames (flame heights ca l m). 1 -9 Methods for predicting flame structure and radiative heat fluxes were evaluated using measurements for vertically-upward fuel flow in still air. The following fuels were considered: methane, 1 -4 propane, 5 carbon monoxide, 6 hydrogen,7 · ethylene 8 and acetylene. 9 Predictions of structure and radiation properties were encouraging for these laboratory-scale flames; however, the potential of these methods has not been evaluated for large-scale flames which are often encountered in practice.
The objective of the present investigation was to remove this deficiency by using data recently obtained from large-scale turbulent diffusion flames 10 • I I to evalu ate structure and radiation predictions. The measure ments involved vertically-upward injection of natural gas (96% methane by volume) in still air. Seven flames were tested (flame heights ca 25 m) with chemical energy release rates in the range of 135-210 MW. Measurements were made of mean temperatures and radiative heat fluxes, 0308-0501/86/040161-09$05.00
•0Q/ ~ ., r \._. ~~':1, providing a reasonable data base to evaluate both structure and radiation predictions.
The paper begins with a description of the measure ments. This is followed by a summary of theoretical methods used to compute flame structure and radiative heat fluxes. Auxiliary measurements in laminar flames, used to find the relationship between the extent of mixing and scalar properties, are then described. The paper concludes with a comparison between predictions and measurements for the turbulent flames. The present discussion is brief, and further details concerning theory and experiments (including a complete tabulation of data) are provided by Gore 9 and Pfenning. I I
MEASUREMENTS Test arrangements
The general character of the large-scale flames can be seen from Fig. I . The scale of the flames can be measured by noting that the instrument mast at the left-hand side of Fig. l is 24 .4m high. The lower third of the visible portion of the flame is blue while the remainder is yellow, which is very similar to the appearance oflaboratory-scale natural gas/air diffusion flames. 1 -4 · 9 While the yellow color suggests potential continuum radiation from soot, mea surements in the laboratory flames showed that conti nuum radiation in the infrared was negligible. l-4 Evidence from the present study, to be discussed later, leads to a similar conclusion for the large-scale flames.
The composition of the natural gas used for the large scale flames is summarized in Table I . The gas compo sition used during the earlier laboratory tests, 1 -4 as well • as for auxiliary laminar-flame tests during the present study, is also summarized in the table. The natural gas composition in both instances was similar, comprising roughly 95% methane by volume.
The arrangement of the test facility for the large-scale flames is illustrated in Fig. 2 . The burner exit was directed vertically upward at a height of 1.5 m above the ground. Two different burners were used, involving uncooled restriction orifices having diameters of 7 6 and 102 mm. Gas was supplied from ten high-pressure cylinders, through a manifold, a metering orifice plate and a 152 mm diameter line to the burner exit. The flames were ignited with a pilot flame which was turned off after ignition. The flames stabilized naturally at the burner exit; however, they were generally lifted [15] [16] [17] [18] [19] [20] injector diameters. Nev ertheless, the degree of premixing was not very large, as evidenced by temperature profiles and flame lengths; therefore they were treated as diffusion flames during analysis.
Pressures and temperatures just upstream of the restric tion orifice were measured continuously. Local wind direction and speed, and the ambient wet-and dry-bulb temperatures were measured at a height of9. l m above the ground.
Instrumentation
Measurements involved an array of twenty ther mocouples and five radiative heat flux transducers. The thermocouple array was supported by two 24.4 m high towers, spaced 15.3 m apart on a plane through the flame axis. Chromel/alumel (type K) thermocouples, having spherical junctions with diameters of roughly 0.5 mm, were used. Velocities were not measured in the flames and thermocouple surface emissivity properties were not calibrated; therefore, an accurate estimate of radiation errors cannot be made. Estimates based on computed velocities, using emissivities based on laboratory tests, suggest that measured mean temperatures are ca 100 K too low in the high-temperature portions of the flames.
Five water-cooled Medtherm heat flux transducers (Series 64), fitted with sapphire windows, were used to measure radiative heat fluxes. Their positions and orient ations are illustrated in Fig. 2 . Radiometer 1 had a 7° viewing cone; the remainder had 150° viewing cones. Radiometer 3 was placed slightly outside the instrument plane so that its field of view just missed the instrument support tower. The optical axes of the remaining radio meters were in the instrument plane. The time of day for testing and the orientation of the radiometers were chosen to. minimize background from solar radiation.
Test conditions
The tests were conducted primarily to evaluate methods for extinguishing well blow-out fires with water. 10 The gas was ignited with a pilot flame (which was then turned off) and the flames were allowed to stabilize before initiating the water extinguishing system. Data for present purposes were obtained just before the water flow was initiated, e.g. 12-40 s after ignition.
The properties of the seven test flames are summarized in Table 2 (all nomenclature is defined at the end of this paper). Flames 1 and 7 used the 76 mm diameter burner, while the remaining flames used the 102 mm diameter burner. Burner exit Reynolds numbers were roughly 3 x 10 6 , yielding highly turbulent flows with relatively small effects of buoyancy over the visible portion of the flames. Ambient wind speeds were in the range 0.2 -2.1 m/s, being highest for Flames l, 2 and 3. The wind disturbances deflected the flames from their geometrical axis, toward the heat flux sensor array, and are probably the largest source of experimental uncertainty. Unfortu nately, uncertainties from these disturbances are difficult to quantify.
Stagnation temperatures upstream of the restriction orifice. were lower than ambient ones due to the rapid expansion of .gas in the supply tanks as the fuel was consumed. Stagnation pressures upstream of the restric tion orifice were significantly greater than twice the ambient pressure; therefore the flow at the burner exit corresponds to an underexpanded sonic jet. This intro duces an external expansion region, involving a system of "Vertically upward injection, injector exit 1.52 m above ground, ambient temperature 285 K (Flame 1 ), 279 K (Flames 2-7).
shock waves and supersonic flow, as the flow expands to the ambient pressure near the burner exit. Rather than attempt computations of the complex external expansion region, equivalent fully expanded exit conditions were defined, similar to past work. 12 -15 Computation of equivalent conditions will be described later; values used appear in the last three columns of Table 2. THEORETICAL METHODS Flame structure Analysis of flame structure was similar to past work. l -s The conserved-scalar method was used, in conjunction with a k-e-g model ofturbulence. Major assumptions were as follows: .
(1) Boundary-layer approximations apply for an axisym metric flame with no swirl; (2) Equal exchange coefficients of all species and heat;
(3) Negligible radiative heat loss to the surroundings and radiant exchange within the flames; (4) Buoyancy only affects the mean flow; (5) Negligible mean kinetic energy; and (6) Static pressure variation only due to hydrostatic effects.
The first assumption is a condition of the experiments. Assumptions (2)-(4) have been successfully used during past analysis of natural gas diffusion flames and their justification is presented elsewhere. 1 -4 Since the present burners operated with sonic exit conditions, kinetic energies were significant near the burner exit. However, levels of kinetic energy are still small in comparison with a sensible energy changes due to combustion; therefore, assumption (5) is reasonably justified for present con ditions. Assumptfon (6) is not formally justified due to presence of the external expansion region. However, this is circumvented by the use of equivalent initial conditions to be discussed later. The mass-weighted (Favre) averaged formulation of Bilger 16 was adopted, but differing in some details. This involves solution of governing equations for conservation of mass, momentum and mixture fraction in the mean, and modeled governing equations for the turbulence quantities k, e and g. The conserved scalar is mixture fraction, which is the fraction of mass at a point that originated from the burner. Empirical constants in the turbulence model were established by calibration with measurements from constant-and variable-density non combusting jets. 2 The constants used, however, are not very different from an early proposal by Lockwood and Naguib. 7 The laminar-flamelet approximation was used to relate scalar properties to the mixture fraction, following Bil ger.18 This implies that scalar properties are only a function of mixture fraction, termed the 'state relation ships'. State relationships for the concentrations of major gas species were found by auxiliary measurements in laminar flames, to be described later. These relationships for density and temperature were then computed, using the measured compositions and assuming negligible heat loss by radiation. Thermochemical properties for these computations were obtained from Gordon and McBride. 19 
Initial conditions
The external expansion region has not been studied very much, limiting capabilities to treat this flow exactly. Therefore detailed analysis of the near-injector region was avoided by seeking an equivalent initial condition having a static pressure equal to the ambient pressure, following past work. 12 -15 This approximation is justified, since the external expansion region is relatively short in com parison with the strongly radiating region of the flames, e.g. ca 5 jet exit diameters as opposed to 100-150 jet exit diameters. Furthermore, the scalar structure of turbulent diffusion flames is relatively independent of burner exit velocities for the present high Reynolds numbi<r flames. 1 -4 Two methods were used to est~blish equivalentinitial conditions, as follows: (1) a divergent-nozzle approxim ation and (2) a momentum-velocity approximation. The divergent-nozzle approximation has been used before. 12 -14 In this case, the flow near the jet exit is approximated by an isentropic one-dimensional expan sion to the ambient pressure, e.g. the equivalent flow is the same as in the divergent or supersonic portion of a convergent/divergent nozzle. This defines an equivalent exit diameter, velocity and scalar state at the virtual origin of the flow (taken to be the actual jet exit for present calculations). The resulting equivalent diameters and velocities, denoted d. and u 0 , are summarized in Table 2 . Since kinetic energy effects were neglected in the analysis, the equivalent scalar state was taken at the stagnation temperature and static pressure.
The momentum-velocity method uses the actual jet diameter and an equivalent velocity which preserves the momentum of the flow. This velocity is computed as follows: (1) where u 0 , p 0 and G 0 were computed assuming isentropic flow from the stagnation state to sonic conditions at the burner exit, for a flow coefficient of unity. The second term on the right-hand side of Eqn (1) is the atmospheric correction, e.g. the increase in momentum of the flow since the local static pressure is higher than ambient. Values of u: are also summarized in Table 2 .
Spectral radiation intensities
Radiative heat fluxes were found by summing spectral radiation intensities over wavelength and paths through the flame (covering the field of view of the heat flux sensors), following Jeng and coworkers. 3 • 5 The equation of radiative transfer was solved for each path to find the spectral radiation intensities. The Goody statistical narrow-band model, employing the Curtis-Godson ap proximation for an inhomogeneous path, was used for these calculations, following Ludwig et al. 20 The com puter algorithm RADCAL, developed by Grosshand ler, 23 was used for the computations.
Past work suggested that radiation in natural gas/air diffusion flames is largely due to the non-luminous gas 
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STRUCTURE AND RADIATION PROPERTIES OF LARGE-SCALE NATURAL GAS/AIR DIFFUSION FLAMES bands in the 1000-6000nm wavelength range; therefore present computations were limited to this region. The following bands were considered: the 1140, 1380, 1870, 2700 and 6300 nm bands of water vapor; the 2700 and 4300 nm bands of carbon dioxide; the 2300 and 3300 nm bands of methane; and the 4700nm band of carbon monoxide. The diatomic gases (nitrogen, oxygen and hydrogen) are negligible contributors to flame radiation at all concentrations. 3 The concentrations ofother species are too small to provide significant radiation effects. As noted earlier, continuum radiation from soot in natural gas/air flames is negligible for laboratory conditions, even though the upper reaches of the flames are yellow. 3 Based on this observation, continuum radiation from soot was ignored for the large-scale flames as well. Effects of scattering from gases are small in the infrared, and were ignored with little error. 3 Turbulence/radiation interactions were ignored during the calculations, since this effect was found to be small for laboratory size natural gas/air diffusion flames. 3 This implies use of time-averaged scalar properties along each path. This was checked by carrying out a few calculations of spectral radiation intensities using a stochastic method developed earlier. 1 
-s
The stochastic approach involves dividing each gas path into discrete eddies having uniform properties and dimensions equal to the local dissipation length scale. Solution of the governing equations provides the time a veraged probability density function of mixture fraction for each eddy. The probability density functions are randomly sampled to find mixture fractions and thus the scalar properties from the state relationships, for each eddy. These properties are then used to compute spectral intensities for this realization of the flow. Sampling and calculations continue in this manner until a sufficient number of realizations have been considered to compute statistically significant time-averaged spectral intensities.
Radiative heat fluxes
Radiative heat fluxes were computed using the discrete transfer method of Lockwood and Shah. 22 This involves summing intensities over wavelength and paths through the flame to the radiative heat flux detectors (120 paths to cover the field of view of each detector). Richardson extrapolation suggests that the overall discretization errors in the radiative heat flux calculations are less than 10%. The wavelength range, 1000-6000 nm, covers all significant gas bands, since the sapphire windows on the heat flux detectors are opaque to radiation beyond 6000 nm. As noted earlier, these computations were based on mean scalar properties (the mean-property method).
RESULTS AND DISCUSSION

State relationships
Bilger 18 has pointed out that scalar properties in laminar diffusion flames are primarily a function of mixture fraction, relatively independent of local velocities and position (flame stretch) except for relatively small regions where the flame is attached. The laminar flamelet concept then implies that these functions, called state relation ships, are the same for turbulent flames, i.e. turbulent flames have scalar properties equivalent to wrinkled laminar flames.
The laminar flamelet concept was tested for methane/air diffusion flames by Jeng and Faeth. 2 It was found that laminar flame data for a variety of configu rations, operating conditions and positions in the flames (using data obtained from Tsuji and Yamaska 23 -s and Mitchell et al. 26 ) yielded universal correlations of scalar properties as a function of mixture fraction. Furthermore, state relationships based on these correlations yielded reasonably good predictions of the scalar structure of laboratory-scale turbulent methane/air diffusion flames.
The laminar flamelet concept was tested directly for natural gas/air diffusion flames during this investigation. Properties of the fuel used during these tests, listed in Table 1 , are similar to the fuel used for the large-scale flames. The fuel was burned in a laminar flame configu ration involving a 14.3 mm diameter fuel jet surrounded by coflowing air from a 102 mm diameter duct. Gas compo sitions were measured by sampling with a quartz micro probe, followed by analysis with a gas chromatograph, similar to past practice. 6 -9 Laminar flame measurements of the concentrations of nitrogen, methane, oxygen, carbon monoxide, water vapor and hydrogen are plotted as a function of local fuel-equivalence ratio (which is a single-valued function of mixture fraction) in adiabatic combustion and local thermodynamic equilib rium are also shown on the plots for comparison with the measurements. These predictions were obtained using the Gordon and McBride 19 algorithm, omitting the presence of solid carbon. The results illustrated in Figs 3 and 4 are similar to earlier· findings for laminar methane/air diffusion flames. 2 The measurements approximate local thermodynamic equilibrium for lean conditions, but depart appreciably from equilibrium for fuel-rich conditions. However, the departure from equilibrium is reasonably universal, sup porting the laminar flamelet hypothesis. Correlations of the data illustrated in Figs 3 and 4 were adopted for the state relationships used during present flame structure computations. However, these results are essentially the same as the earlier work of Jeng and Faeth. 2 Flame structure Structure measurements were divided into two groups (cf. Table 2) as follows: (1) Flames 1 and 7 using a 76 mm diameter burner, denoted 100 MW flames; and (2) Flames 2-6 using a 102 mm diameter burner, denoted 200 MW flames. Variation of initial conditions within these groups did not cause significant changes in predictions; therefore averages of initial conditions for each group are used to obtain predictions for the entire group in the following.
Predicted and measured mean temperatures along the axis are illustrated for the two flame groups in Figs 5 and 6. Separate predictions are shown for the divergent-nozzle and momentum-velocity methods of specifying equiva lent initial conditions. In each case, both time-and density-weighted (Favre)-averaged predictions of mean temperature are shown. The degree of density weighting of the measurements is unknown; however, predicted differences between these averages arc not very large. Differences between the two methods used to select equivalent initial conditions are also not very significant. The divergent-nozzle method uses a larger initial diame ter which causes the maximum temperature position along the axis to shift somewhat downstream, e.g. high Reynolds number jet flames tend to scale with initial jet diameter but their scalar structure is relatively independ ent of initial jet velocities. Except for the near-injector region, the comparison between predictions and measurements in Figs 5 and 6 is poorest for Flames 1, 2, and 3. This behavior is probably due to ambient wind disturbances, which were highest for these flames (cf. Table 2 ). Wind disturbances deflected the axis of the flame, causing measured temperatures to be too low, particularly at locations far from the burner exit. The comparison between predictions and measurements for the remaining flames, however, is more encouraging. Measured maximum temperatures are roughly 200 K below the predictions, which is reasonable in view of thermocouple radiation errors and probable effects of wind disturbances. While the comparison between predic tions and measurements is less satisfactory than for well controlled laboratory conditions, probably due to wind disturbances, and effects of lifted flames, the structure analysis appears sufficiently adequate to proceed with evaluation of radiation predictions. These results are consider~d next. .
Flame radiation
Before proceeding with the large-scale flames, present spectral intensity predictions were checked using a laboratory-scale flame treated earlier by Jeng et al. 3 The same burner was used, with a burner exit Reynolds number of 11 700. Predicted and measured spectral radiation intensities for the laboratory flame are plotted as a function of wavelength in Fig. 7 The spectrum illustrated in Fig. 7 is dominated by the 1870 and 2700 nm bands of water vapor and the 2700 and 4300 nm bands of carbon dioxide. As noted earlier, spectral intensities are small between these bands, sug gesting little continuum radiation from soot even though the flame appears yellow at this position. Differences between mean-property and stochastic predictions are small, suggesting little effect of turbulence/radiation inter actions (e.g. stochastic predictions are roughly 10% higher than mean property predictions). The comparison be tween predictions and measurements is encouraging, similar to the earlier findings of Jeng et al. 3 We now proceed with the radiative heat flux evaluation. As before, predictions were based on group-average conditions for the 100 and 200 MW flames. Initial con ditions for the following results were based on the momentum-velocity method. However, results using the divergent-nozzle method were essentially the ~me. · . Predicteq · _and measl}red. radiative heat flux~s. ·.ar~ summarized iii Table 3 for the. five heat flux detectors and seven flames. Since flame corrdltii::ins varied within each group, experimental mean values and standard deviations are computed for each group to simplify comparison with predictions. Missing data in Table 3 represent conditions where records were not obtained due to instrumentation or data acquisition ·problems.
The average discrepancy between predictions and measurements fa Table 3 is roughly 15%, which is quite good in view of potential effects offlame disturbances due to ambient wind. Trends due to changes in burner conditions are also represented reasonably well. Two effects of this type deserve mention. First, detector 2 yields the lowest heat flux for the 100 MW flames and the highest for the 200 MW flames, probably due to the increase in flame length for the larger burner diameter since this is the highest detector (cf. Fig. 2) . The predictions give the same trend. Second, detector 5, which is directed vertically upward from the base of the flame, yields heat flux values This trend is also reproduced by the predictions. The fact that predictions in Table 3 generally underesti mate measurements is expected. Recall that turbulence/radiation interactions, which were ignored during present heat flux computations, tend to increase radiation levels from mean property predictions by roughly 10% for methane/air diffusion flames. Wind disturbances, which deflected the flames toward the detector array, also contribute to higher measured radia tive;: heat fluxes. The large-scale flames may also have some contribution to radiant heat fluxes due to conti nuum radiation from soot, which was ignored for present predictions. However, such contributions are clearly not large in comparison with other uncertainties of the present evaluation.
CONCLUSIONS
(1) Present theoretical methods for predicting the struc ture of turbulent diffusion flames, developed using data for well-controlled laboratory flames (flame heights ca 1 m), performed reasonably well when evaluated using data from large-scale natural gas/air diffusion flames (flame heights ca 25 m). Discrepancies between predicted and measured maximum mean temperatures along the axis were 200 K, which is acceptable in view of anticipated effects of ther mocouple errors and flame disturbances due to ambi ent winds, as well as lifting and external expansion effects near the injector.
(2) Predictions of radiative heat fluxes for the large-scale flames generally underestimated measurements on the order of 15%, which is consistent with neglect of turbulence/radiation interactions and anticipated un certainties of predictions and measurements. (3) Although both large-and small-scale natural gas/air diffusion flames appear yellow over much of the visible portion of the flames, no evidence was found to suggest significant effects ofcontinuum radiation from soot in these flames.
The present evaluation of the theoretical methods developed in References 1-8 was encouraging. However, additional evaluation using large-scale flames under more controlled conditions would be desirable. In particular, data providing initial conditions, species concentrations and spectral radiation intensities are needed for a more definitive test of analysis. Furthermore, present methods for treating underexpanded jet flames were relatively ad hoc and additional study of this phenomenon is warranted. 
